Sustained signalling at the immune synapse (IS) requires the synaptic delivery of recycling endosome-associated T cell antigen receptors (TCRs). IFT20, a component of the intraflagellar transport system, controls TCR recycling to the IS as a complex with IFT57 and IFT88. Here, we used quantitative mass spectrometry to identify additional interaction partners of IFT20 in Jurkat T cells. In addition to IFT57 and IFT88, the analysis revealed new binding partners, including IFT54 (also known as TRAF3IP1), GMAP-210 (also known as TRIP11), Arp2/3 complex subunit-3 (ARPC3), COP9 signalosome subunit-1 (CSN1, also known as GPS1) and ERGIC-53 (also known as LMAN1). A direct interaction between IFT20 and both IFT54 and GMAP-210 was confirmed in pulldown assays. Confocal imaging of antigen-specific conjugates using T cells depleted of these proteins by RNA interference showed that TCR accumulation and phosphotyrosine signalling at the IS were impaired in the absence of IFT54, ARPC3 or ERGIC-53. Similar to in IFT20-deficient T cells, this defect resulted from a reduced ability of endosomal TCRs to polarize to the IS despite a correct translocation of the centrosome towards the antigen-presenting cell contact. Our data underscore the traffic-related role of an IFT20 complex that includes components of the intracellular trafficking machinery in IS assembly.
INTRODUCTION
Engagement of the T cell antigen receptor (TCR) by cognate peptide major histocompatibility complex ( pMHC) triggers the assembly of the immunological synapse (IS), a dynamic supra-molecular membrane structure formed at the contact between the T cell and antigen-presenting cell (APC) (Kumari et al., 2014; Fooksman et al., 2010) . In addition to organizing signal propagation, the IS likely participates in signal processing required for adequate T cell activation (Acuto et al., 2008) . Over the last decade, intracellular membrane trafficking has been recognized as a key mechanism in the assembly and the function of IS, where it contributes to regulate signal intensity and duration by controlling the amount and dwell time of receptors and signalling mediators at the T cell-APC interface. The synaptic accumulation of endosomal vesicles containing TCRs, as well as other proteins that undergo cycles of internalization and re-expression, is achieved by polarized endosome recycling (Das et al., 2004; Soares et al., 2013a; Finetti and Baldari, 2013) . Once delivered in the proximity of the IS environment, the TCRs continue to recycle between the plasma membrane and the recycling compartment. This ensures a continuous supply of endosome-associated receptors to the IS, until signalling is shut off as a result of their lysosomal degradation (Das et al., 2004) . Other receptors, such as the transferrin receptor (TfR), CD28, LFA-1 (lymphocyte function-associated antigen 1, a complex between integrin αL and integrin β2), GLUT-1 (also known as SLC2A1) and CTLA-4 exploit the recycling pathway to move in or out of the IS (Yokosuka et al., 2008; Piotrowski et al., 2013; Finetti and Baldari, 2013; Egen and Ellison, 2002) . Two key membrane-associated TCR signalling regulators, the kinase Lck and the transmembrane scaffold LAT, exist as two pools, one of which is associated with the plasma membrane and the other with recycling endosomes that translocate to the T-cell-APC interface in response to stimulation (Ley et al., 1994; Bonello et al., 2004; Ehrlich et al., 2002; Larghi et al., 2013; Soares et al., 2013b) . Observations made by super-resolution microscopy show that, similar to the comparmentalization in distinct nanodomains of their surface counterparts (Lillemeier et al., 2010; Williamson et al., 2011; Sherman et al., 2011; Rossy et al., 2013) , vesicular CD3ζ (also known as CD247), LAT and Lck are associated with distinct exocytic compartments marked by specific sets of Rab proteins, and are released at the IS in a differentially regulated manner (Soares et al., 2013b) . It has been speculated that fusion at the IS of vesicles carrying these signalling molecules can generate nanoterritories that function as hubs for signal amplification (Soares et al., 2013b) .
The diversification and complexity of the intracellular trafficking pathways converging to the IS poses a major challenge in dissecting the underlying mechanisms and identifying the dedicated proteins for each pathway. We have previously demonstrated that the IFT20, a component of intraflagellar transport (IFT) system, which is responsible for the assembly of the primary cilium in other cells, controls TCR accumulation at the IS in the non-ciliated T cell as a complex with IFT52, IFT57 and IFT88 (Finetti et al., 2009 (Finetti et al., , 2014 . This function involves the participation of IFT20 in the pathway that orchestrates polarized receptor recycling to the IS, with IFT20 interacting with the small GTPase Rab5 to promote the transit of internalized TCRs and TfRs from early to recycling endosomes (Finetti et al., 2009 (Finetti et al., , 2014 . Interestingly, we identified two other small GTPases, Rab8, a master regulator of ciliogenesis (Nachury et al., 2011) , and Rab29, which is involved in Salmonellacontaining vacuole trafficking in infected epithelial cells (Spanò et al., 2011) , as central players in the TCR recycling pathway orchestrated by IFT20 and Rab11 (note that Rab5, Rab8 and Rab11 have more than one isoform, but we do not refer to a specific form here) Onnis et al., 2015) . Of note, both Rab8 and Rab29 are dispensable for TfR recycling, while they are required for the recycling of CXCR4, which is not regulated by IFT20 Onnis et al., 2015) . These data suggest the existence of multiple specialized pathways that intersect by combining shared regulators to control recycling of specific receptors in T cells. Data obtained in a CD4 T-cell-specific conditional IFT20
−/− mouse have extended and validated in vivo the role of IFT20 in the assembly of a functional IS, implicating IFT20 also in the traffic of vesicular LAT (Vivar et al., 2016) .
To further characterize the recycling pathway responsible for endosomal TCR trafficking to the IS, here, we used an unbiased approach to define novel IFT20 interactors by quantitative mass spectrometry (MS). We identified seven binding partners of IFT20, which included two interactors previously identified in T cells, i.e. IFT57 and IFT88 (Finetti et al., 2009 (Finetti et al., , 2014 , and five new interactors, namely IFT54 (also known as TRAF3IP1), GMAP-210 (also known as TRIP11), Arp2/3 complex subunit-3 (ARPC3), COP9 signalosome subunit-1 (CSN1, also known as GPS1) and ERGIC-53 (also known as LMAN1). Of these, three were found to be required for TCR trafficking to the IS.
RESULTS

Identification of novel IFT20 interactors by mass spectrometry
We undertook to identify IFT20-interacting partners by quantitative MS. A Tween StrepTagII was adjoined to the IFT20 C-terminus (IFT20-OST) to rapidly and quantitatively capture it and maximize recovery of protein partners. Total lysates of Jurkat T cells stably expressing IFT20-OST were subjected to pulldown using StrepTactin, eluted with biotin and analysed by nano-liquid chromatography tandem MS (nano-LC-MS/MS) (Fig. 1A) .
StrepTactin pulldown in Jurkat cells not expressing IFT20-OST was used as a negative control. Data were analysed by label-free quantification using the MaxQuant software. Only proteins detected in none of three replicates in the negative control and that had a >2-fold abundance over control sample were considered as likely interactors. Table 1 shows the potential IFT20-binding partners that passed these criteria, namely IFT54, IFT57, IFT88, GMAP-210, ARPC3, CSN1 and ERGIC-53. Of these, IFT57 and IFT88 have been previously reported to interact with IFT20 in T cells (Finetti et al., 2009) , demonstrating the efficacy and specificity of our experimental procedure. ARPC3 is a component of Arp2/3 complex that is involved in F-actin nucleation and it is known to participate in IS assembly . IFT54 is part of the IFT-B complex, which includes IFT20, IFT57 and IFT88 and is required for ciliogenesis, but it has also been implicated in microtubule stability (Bizet et al., 2015; Berbari et al., 2011; Guo et al., 2010; Follit et al., 2009 ). The golgin GMAP-210 is a known IFT20 interactor in ciliated cells, where it has been shown to tether IFT20 to the Golgi (Follit et al., 2006; Follit et al., 2008) . ERGIC-53 is an intermediate compartment protein mediating vesicle recycling from the endoplasmic reticulum (ER) to the Golgi (Zhang et al., 2009) . The implication of ARPC3, IFT54 and GMAP-210 in intracellular trafficking and cytoskeleton organization is consistent with the role of IFT20 in regulating vesicular trafficking in T cells. The only traffic-unrelated IFT20 interactor identified in our analysis is CSN1, a component of the COP9 signalosome complex implicated in the ubiquitin-proteasome pathway, which suggests that IFT20 may participate in other cellular processes beyond its established function in vesicular traffic. 
IFT20 directly interacts with IFT54 and GMAP-210
To independently validate the proteins identified by MS as IFT20 partners, we carried out an immunoblot analysis of StrepTactinbound proteins. Proteins were pulled down from post-nuclear supernatants of control (ctr) and IFT20-OST-expressing Jurkat cells under the same conditions used for the MS analysis. Immunoblotting using antibodies specific for each interactor highlighted the presence of IFT54 (Fig. 1B) and GMAP-210 (Fig. 1C) in the IFT20-OST pull-down but not in the negative control, confirming a direct interaction of IFT20 with these two proteins. Of note, IFT54 was found to associate with β-tubulin in T cells, similar to in ciliated cells (Fig. S1 ). At variance with IFT54 and GMAP-210, ARPC3, CSN1 and ERGIC-53 were found both in IFT20-OST pulldown and in the negative control (data not shown), likely due to non-specific binding of the antibody to the StrepTactin beads, since MS analysis never detected these three proteins in the negative control sample.
The IFT20 interactors IFT54, ARPC3 and ERGIC-53 participate in IS assembly Next, we investigated whether IFT54, ARPC3 and ERGIC-53, similarly to IFT20, were implicated in the regulation of vesicular traffic and IS assembly in T cells. Expression of each of these interactors was stably knocked down by short hairpin RNA interference (reduction of ∼73% IFT54, ∼74% GMAP-210, ∼76% ARPC3, ∼81% CSN1, ∼85% ERGIC-53) ( Fig. 2A) . A transfectant generated with non-targeting short hairpin was used as control. Surface TCR-CD3 complex expression was comparable in all transfectants (Fig. S2A) . To assess the role of the IFT20 partners in IS assembly, control and knocked down cells were incubated with Staphylococcal enterotoxin E (SEE)-pulsed Raji cells and subjected to a confocal imaging-based assay to detect TCR accumulation at the IS. Immunofluorescence analysis of the Jurkat T-cell conjugates with SEE-pulsed APCs using anti-CD3 antibody showed that the TCR-CD3 complexes failed to accumulate at the IS in a significant proportion of Jurkat cells knocked down for IFT54, ARPC3 or ERGIC-53, at variance with control cells (Fig. 2B) . Conversely, no differences in the proportion of conjugates harbouring synaptic TCRs was observed in GMAP-210 KD or CSN1 KD cells (Fig. 2B ), ruling out a role for these proteins in TCR recruitment to the IS. Consistent with this defect, signalling was impaired in IFT54 knockdown (KD), ARPC3 KD or ERGIC-53 KD cells compared to control cells, as assessed by staining with antiphosphotyrosine antibody, while conjugates formed between SEEpulsed Raji cells and CSN1 KD or GMAP-210 KD cells showed a phosphotyrosine pattern comparable to that in control cells (Fig. 2C) . The defect in TCR accumulation and phosphotyrosine signalling at the IS in cells depleted of IFT54, ARPC3 or ERGIC-53 was confirmed in primary T cells purified from healthy donors and infected with the respective shRNA-engineered lentiviral particles (Fig. 3) . Collectively, these results indicate that, of the five new IFT20 interactors identified, IFT54, ARPC3 and ERGIC-53 are required for synaptic targeting of the TCR and downstream signalling, and suggest that these proteins cooperate with IFT20 in the assembly of a functional IS.
IFT54, ARPC3 and ERGIC-53 participate in IFT20-dependent TCR and TfR recycling to the IS Multiple mechanisms contribute to the transport of TCR complexes to the IS to sustain signalling for the extended timeframe required for T cell activation (Soares et al., 2013a) . The implication of IFT20 in polarized TCR and TfR recycling to the IS (Finetti et al., 2014 (Finetti et al., , 2009 suggests that its interactors may participate in the trafficking pathway regulated by the IFT system in T cells. To address this issue, we first asked whether depletion of IFT54, ARPC3 or ERGIC-53 affects the translocation of the microtubule-organizing centre (MTOC) to the sybsynaptic area, a process which is triggered by the TCR-CD3 complexes initially recruited to the IS from the plasma membrane-associated pool (Soares et al., 2013a) . Conjugates formed by control Jurkat cells, or cells knocked down for IFT54, ARPC3 or ERGIC-53, with SEE-pulsed Raji cells were analysed by confocal microscopy using an anti-γ-tubulin antibody. No differences were found in the proportion of conjugates with a correct MTOC polarization between control and knockdown conjugates, indicating that IFT54, ARPC3 and ERGIC-53 and are not required for MTOC translocation (Fig. 4) . In support of this notion, the distance of the MTOC from the synaptic membrane in SEE-specific T-cell-APC conjugates was comparable between control T cells and cells depleted of IFT54, ARPC3 or ERGIC-53 (Fig. 4) . Since this step is a prerequisite for polarized endosome Data were converted into .mzXML format using MSconvert (Proteowizard) and uploaded into the Central Proteomics Facility Pipeline (CPFP). Label-free quantification was performed using Maxquant software. Only proteins detected in none of the three replicates in the negative control (neg. ctr) and that had a >2-fold abundance over the control sample were considered as true interactors.
recycling to the IS, this result suggests that the defect in TCR accumulation at the IS might be caused by impaired traffic, similar to what occurs in IFT20 KD T cells (Finetti et al., 2009 (Finetti et al., , 2014 .
To address this issue, we tracked the fate of internalized TCRs in conjugates of IFT54 KD, ARPC3 KD or ERGIC-53 KD Jurkat T cells and SEE-pulsed APCs by confocal imaging. T cells were incubated with specific antibodies to induce TCR internalization. No differences in the rate and extent of TCR-CD3 internalization were observed among the different transfectants (Fig. S2B ). Cells were acid-stripped to remove residual surface-bound monoclonal antibody (mAb) and then mixed with SEE-loaded Raji cells. Antigen-specific conjugates were stained with a fluorochromelabelled secondary antibody without prior permabilization. Under these conditions, we were only able to visualize the receptors that had been internalized and had recycled to the T-cell-APC contact site (Finetti et al., 2014 . The enrichment in TCR staining at the IS membrane was significantly reduced in IFT54 KD, ARPC3 KD or ERGIC-53 KD cells compared to in the control cells (Fig. 5A) . A similar analysis was carried out for the TfR. While surface TfR levels and receptor internalization were comparable among the different transfectants (Fig. S2C,D) , TfR recycling to the IS was impaired in IFT54 KD, ARPC3 KD or ERGIC-53 KD cells, similar to recycling of the TCR (Fig. 6A ). Hence IFT54, ARPC3 and ERGIC-53 are involved in the regulation of polarized TCR and TfR recycling to the IS.
The involvement of IFT54, ARPC3 and ERGIC-53 in the targeting of TCR-and TfR-positive recycling endosomes to the IS was further confirmed by staining conjugates with a fluorochrome-labelled secondary antibody after a fixation and permeabilization step. In this case, we were able to track mainly intracellular recycling endosomes containing TCRs or TfR that had been internalized but had not yet undergone polarized recycling to the IS, as the membraneassociated TCRs were largely lost upon permeabilization. At variance with control antigen-specific conjugates, endosomes containing internalized TCR and TfR failed to polarize toward the APC in the absence of IFT54, ARPC3 or ERGIC-53, and remained accumulated at the cell periphery (Figs 5B, 6B). Collectively, these results indicate that the IFT20 partners IFT54, ARPC3 and ERGIC-53 regulate polarized TCR and TfR recycling to the IS, likely acting in concert with IFT20.
IFT54, ARPC3 and ERGIC-53 contribute to T cell activation
The finding that the IFT20-binding partners IFT54, ARPC3 and ERGIC-53 participate in polarized TCR and TfR recycling, which is required for sustained signalling at the IS, suggests that they might contribute to T cell activation. To address to this question, we first carried out an immunoblot analysis for ERK1 and ERK2 (ERK1/2, also known as MAPK3 and MAPK1, respectively) phosphorylation in response to CD3 and CD28 co-stimulation in a timecourse experiment. IFT54 deficiency was found to impair ERK1/2 phosphorylation at all time points, suggesting that this protein is required to both initiate and sustain TCR signalling (Fig. 7A, left  panel) . Similar results were obtained for ERGIC-53 (Fig. 7A, right  panel) . Conversely, a defect in ERK1/2 phosphorylation was observed only at later time points (10 min) in ARPC3 KD cells (Fig. 7A, central panel) , indicating that the TCR-induced phosphorylation cascade was initiated normally but was not sustained in the absence of ARPC3.
As a complement to these experiments, we analysed the accumulation at the IS of active Zap70, a tyrosine kinase essential for the initiation of TCR signalling, by confocal microscopy . Consistent with a role for IFT54 and ERGIC-53 in promoting the targeting of recycling TCRs to the synaptic membrane to sustain signalling, the accumulation of phospho- Measurements were taken on ≥180 conjugates (n≥3). The graph on the right shows the ratio of CD3 or pTyr fluorescence intensity at the IS compared to the rest of the membrane quantified using ImageJ. The red bars indicate the s.d. for each data set. At least 25 cells were analysed (n≥3). Scale bars: 5 µm. **P<0.01; ***P<0.001; *****P<0.0001.
Zap70 at the IS of Jurkat-Raji cell conjugates was impaired in the absence of these proteins (Fig. 7B) . Conversely, ARPC3 deficiency did not affect phospho-Zap70 accumulation at the IS (Fig. 7B) , indicating that ARPC3 participates in T-cell activation downstream of TCR-proximal signalling.
To investigate whether the IS defects observed in T cells depleted of IFT54, ARPC3 or ERGIC-53 translate in a modified biological outcome, we analysed the surface expression of the activation marker CD69 by flow cytometry. The deficiency of IFT54, as well as of either ARPC3 or ERGIC-53, resulted in a reduction in CD69 expression (Fig. 7C) , confirming a role for these IFT20 interactors in T cell activation.
DISCUSSION
We have recently implicated IFT20, a component of the IFT system that is responsible for the assembly and maintenance of cilia and flagella, in the regulation of polarized TCR recycling to the IS. Moreover, we provided evidence for a crosstalk between IFT20 and the Rab-based machinery in the regulation of this process (Finetti et al., 2014 Onnis et al., 2015) and showed that IFT20 forms a complex with the IFT components IFT52, IFT57 and IFT88 (Finetti et al., 2009 (Finetti et al., , 2014 . Here, we show by quantitative MS analysis that IFT20 interacts with two interacting partners previously recognized in ciliated cells, namely IFT57 and IFT88, and identify IFT54, GMAP-210, ARPC3, CSN1 and ERGIC-53 as new IFT20-binding partners in T cells. None of these proteins showed any changes in the IFT20 interactome profile of anti-CD3-stimulated cells compared to resting cells (data not show). Since four of the seven interactors share biological functions with IFT20, we considered them as bona fide IFT20 functional partners. IFT54 and GMAP-210 have been previously described as IFT20 interactors in ciliated cells (Follit et al., 2008 (Follit et al., , 2009 Bizet et al., 2015) . This interaction was found to extend to T cells, as assessed by pulldown assays. Although the identification of genuine binding partners supports the robustness of the experimental approach, we were unable to validate the interaction of IFT20 with ARPC3, CSN1 and ERGIC-53 by immunoblot analysis despite the specific detection by MS over three replicates due to the presence of immunoreactive bands in the negative control pulldown sample (data not shown). It is noteworthy that, while three IFT proteins were found to be pulled down by IFT20 in the proteomic analysis, consistent with their participation in a multimolecular complex in ciliated cells (Follit et al., 2006 (Follit et al., , 2009 Taschner et al., 2016) , no additional components of the complexes in which ARPC3 and CSN1 participate, i.e. Arp2/3 and the COP9 signalosome, respectively, were present among the IFT20 interactors. While we cannot rule out that these complexes are labile and only some interactions are preserved under the lysis conditions used, it is possible that IFT20 may interact with individual subunits of the complexes to assist their assembly or alternatively to form new complexes with a different composition and function.
Interestingly, of the five new IFT20 interactors identified by MS in T cells, only three, namely IFT54, ARPC3 and ERGIC-53, participate in IS assembly, as assessed by the outcome of their depletion on synaptic TCR-CD3 accumulation and phosphotyrosine signalling in conjugates with SEE-loaded APCs, which leads to impaired T-cell activation. This results from their ability to regulate polarized recycling to the IS not only of the TCR, but also of the TfR, similar to IFT20 (Finetti et al., 2014) , indicating that these proteins participate in the trafficking pathways controlled by IFT20.
Although IFT54 has long been known as a component of the IFT-B complex in the model organism Chlamydomonas reinhartdtii, its role in IFT-dependent ciliogenesis in more complex organisms, including mammals, has only recently been reported (Li et al., 2008; Omori et al., 2008 : Follit et al., 2009 Berbari et al., 2011) . Human IFT54 was initially identified as a microtubule-binding protein (microtubule-interacting protein associated with TRAF3, MIPT3) implicated in the sequestration of TNFR-associated factor-3 and neuronal DISC1 to the cytoskeleton (Ling and Goeddel, 2000; Morris et al., 2003) . A recent report identifying IFT54 mutations in patients affected by nephronophthisis (NPH), an autosomalrecessive nephropathy, further supports a role for IFT54 in the regulation of microtubule cytoskeleton dynamics. NPH-associated mutations were indeed found to increase the levels of microtubuleassociated protein 4 (MAP4) and its binding to the cytoskeleton, which leads to microtubule hyperacetylation and enhanced microtubule stability (Bizet et al., 2015) . This suggests a role for IFT54 as a negative regulator of microtubule stability beyond its role in ciliogenesis. Of note, the IFT-B complex components have been recently shown to be organized in two stable sub-complexes, IFT-B1 (core) and IFT-B2 ( peripheral), in Chlamydomonas reinhardtii, with IFT54 participating in the IFT-B2 sub-complex and binding α-and β-tubulin dimers, which places IFT54 in an ideal position to bind tubulin and allow IFT movement along to the cilium (Taschner et al., 2016) . Taken together with our results showing that IFT54 coimmunoprecipitates with β-tubulin in T cells, it is tempting to speculate that in the non-ciliated T cells IFT54 could promote the movement of recycling endosomes en route to the IS via its association with microtubules.
Similar to IFT20 and IFT54, the Arp2/3 complex component ARPC3 was also found to participate in the targeting of both TCRand TfR-positive recycling endosomes to the T-cell-APC interface. This result further supports a role for this actin-nucleating factor in the regulation of intracellular traffic to the IS in addition to its wellestablished function in actin cytoskeleton reorganization . Upon TCR engagement, the Arp2/3 complex nucleates new actin filaments following its association with the WiskottAldrich syndrome protein superfamily nucleation-promoting factors, which include the endosome-associated member WASH (also known as WASH1) (Derivery et al., 2009) . WASH participates in vesicle trafficking events by promoting Arp2/3-mediated F-actin polymerization on endosomes in cooperation with the retromer complex (Derivery et al., 2009; Gomez and Billadeau, 2009) , is implicated in recycling of several receptors, including TCR, CD28, LFA-1, TfR and GLUT1 (also known as SLC2A1) (Piotrowski et al., 2013) , and has been found in endosomes polarizing to the IS in T cells (Gomez and Billadeau, 2009 ), similar to IFT20 (Finetti et al., 2014 (Finetti et al., , 2009 ). Taken together with the ability of IFT20 to interact with the TCR and TfR in response to TCR engagement (Finetti et al., 2014) , these results suggest that the interaction of IFT20 with ARPC3 may occur at endosomes carrying cargo tagged by IFT20 for polarized recycling to the IS. Of note, ARPC3 appears to function downstream of MTOC polarization, which is in agreement with a previous report by Gomez and colleagues showing that Arp 2/3 is dispensable for MTOC translocation which, by contrast, appears to be dependent on formin, another actin-nucleating factor . Moreover, consistent with the report by Kumari et al. (2015) , we found that distal TCR signalling is impaired in ARPC3-deficient cells, as assessed by the reduction of TCR-dependent ERK1/2 phosphorylation. Interestingly, the accumulation of active Zap70 at the IS was not affected by ARPC3 depletion, indicating that ARPC3 may be dispensable for TCR-proximal signalling but is required to sustain distal TCR signalling, including PLC-γ phosphorylation (Kumari et al., 2015) . Consistent with this notion, Arp2/3 has been implicated together with WASP in the formation of actin foci at the T cell IS to sustain downstream TCR signalling (Kumari et al., 2015) .
Interestingly, our data identified ERGIC-53 as a novel regulator of TCR and TfR recycling to the IS and T cell activation. ERGIC-53 is a 53-kDa non-glycosylated type I transmembrane protein that mainly marks the ER-to-Golgi intermediate compartment (ERGIC) (Zhang et al., 2009) . So far a limited number of ERGIC-53 cargoes have been identified, including factor V and factor VIII, which are critical cofactors for the coagulation cascade proteases factor Xa and factor IXa. Moreover, ERGIC-53 has been suggested to play a role in the polymerization and secretion of IgM in combination with ERp44, another ER-resident protein (Cortini and Sitia, 2010) . The defects in both TCR and TfR recycling in cells lacking ERGIC-53 suggest a novel role for this protein in the exocytic pathway downstream of ER-to-Golgi transport. How ERGIC-53 interfaces with IFT20 to regulate polarized recycling remains to be established, although its implication in cargo sorting suggests that it could cooperate with IFT20 in TCR and TfR sorting from early endosomes for their transit to recycling endosomes (Finetti et al., 2014) . Whether ERGIC-53 can associate with early and/or recycling endosomes in T cells has not been established to date. Nevertheless, the finding that it is also associated with the cis-Golgi and even with the plasma membrane (Zhang et al., 2009 ) makes it a realistic hypothesis that will need to be tested.
Notwithstanding their ability to interact with IFT20, GMAP-210 and CSN1 appear to be dispensable for TCR accumulation and phosphotyrosine signalling at the IS, suggesting that these two IFT20 partners are not involved in the trafficking pathways that contribute to the assembly of a functional IS. In ciliated cells, GMAP-210 is a member of the Golgin family that interacts with IFT20 to anchor it to the Golgi, where IFT20 has been proposed to sort proteins destined for the ciliary membrane (Follit et al., 2008) . Interestingly, GMAP-210 mutant cells display defects in ciliary transport that are similar to those found in cells lacking IFT20 (Follit et al., 2008) . While the IS has emerged as a homologue of the primary cilium in the non-ciliated T cell (Finetti and Baldari, 2013; Stinchcombe and Griffiths, 2014) , our data indicate that GMAP-210 is dispensable for TCR traffic to the IS. We cannot, however, rule out at this stage the possibility that this protein is required for the sorting of other cargoes for delivery to the synaptic membrane.
Among the IFT20-binding partners identified in this study, CSN1 is the only protein that to date has not been linked to vesicular trafficking. CSN1 is the largest subunit of the COP9 signalosome, an evolutionarily conserved multimeric complex which in mammalian cells consists of eight subunits (CSN1 to CSN8) and acts as a negative regulator of the ubiquitin-proteasome degradation pathway (Wei and Deng, 2003) . Of relevance, the COP9 signalosome subunits, CSN5 (also known as JAB1 or COPS5) and CSN8 (also known as COPS8), have been implicated in T cell homeostasis and development (Panattoni et al., 2008; Menon et al., 2007) . Moreover, CSN5 promotes T cell activation through both the nuclear factor of activated T-cells (NF-AT) and NF-κB pathways (Bianchi et al., 2000; Kinoshita et al., 2012; Welteke et al., 2009 ). Our results indicate that CSN1 does not cooperate with IFT20 in the regulation of TCR trafficking to the IS but do not rule out a role for this protein in signalling events downstream of TCR stimulation. Recent evidence has implicated the COP9 signalosome in another critical quality control pathway, namely, autophagy (Pearce et al., 2009; Su et al., 2011; Zhang et al., 2016) . Remarkably, the IFT system has been shown to participate in the first steps of autophagosome formation in ciliated cells (Pampliega et al., 2013) . Our finding suggests the exciting possibility of an interplay between IFT20 and the COP9 signalosome in the regulation of T cell autophagy.
In summary, our results identify the IFT20 interactors IFT54, ARPC3 and ERGIC-53 as new players in the IFT20-dependent recycling pathway on which IS assembly and T-cell activation crucially depend. They also further underscore the role of the IFT20 in the regulation of vesicular pathways to the IS through its interaction with both other IFT proteins and trafficking-related proteins. Future experiments will help to better understand at which step of the IFT20-dependent recycling pathway IFT54, ARPC3 and ERGIC-53 are operational, as well as whether IFT20 could play other functions in T cells in combination with the other two interactors GMAP-210 and CSN1.
MATERIALS AND METHODS
Cells lines and plasmids
Stable cell lines include Jurkat 77 clone 20 T cells (a childhood T acute lymphoblastic leukemia cell line; Niedergan et al., 1995) , Raji B cells (Burkitt's lymphoma cell line; Karpova et al., 2005) and human embryonic kidney epithelial cells (HEK) 293 cells, all of human origin (periodically tested for contamination). A Jurkat T cell line stably transfected with an OST-tagged IFT20 expression construct ( pIFT20-OST) was also used. To generate the IFT20-OST expression construct, full-length cDNA encoding human IFT20 was isolated from total RNA extracted from Jurkat cells (NucleoSpin Rna, Machery-Nagel, Düren, Germany) and used as the PCR template to generate IFT20-OST, carrying a C-terminal Twin-StrepTag (IBA BioTAGnology, IBA GmbH, Goettingen, Germany) consisting of two Strep-tag (WSHPQFEK) moieties connected by a short linker (WSHPQFEKgggsgggsggsaWSHPQFEK) (Schmidt et al., 2013) . IFT20-OST was cloned into the lentiviral expression vector pHR-SIN-BX-IRES-Emerald kindly provided by Vincenzo Cerundolo (Weatherall Institute of Molecular Medicine, Oxford, UK), to generate lentiviral pHR-IFT20-OST, and verified by bidirectional sequencing. Stable knockdown cell lines were generated by lentiviral transduction of Jurkat cells and subsequent selection with 0.5 g/ml puromycin. To generate the stable knockdown Jurkat lines we used pLKO.1-puro non-target shRNA control lentiviral plasmid (ctr) and pLKO.1 shRNAs targeting IFT54 (TRCN000421123; IFT54 KD), GMAP-210 (TRCN0000022022O; GMAP-210 KD), ARPC3 (TRCN000333116; ARPC3 KD), CSN1 (TRCN00036864; CSN1 KD) or ERGIC-53 (TRCN000433125; ERGIC-53 KD). pLKO.1-puro plasmids were from Sigma-Aldrich (Saint Louis, MO).
Lentiviral transduction in Jurkat T cells and primary human CD4 + T cells
HEK293T maintained in Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich) and 10% fetal bovine serum (FBS; Thermo Scientific, Waltham, MA) were used as lentiviral packaging cells. Briefly, 2×10 6 cells were cultured overnight in a 10-cm tissue culture petri dish. The day after, cells were co-transfected with the pHR-IFT20-OST vector and the packaging plasmids psPAX2 and pMD2.G ( provided by Didier Trono; Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland) by standard calcium phosphate precipitation. Medium was changed after 3 h. After 48 h at 37°C, viral supernatants were harvested, filtered (0.45 µm pore filters, Sarstedt, Nümbrecht, Germany) and used immediately for the transduction of Jurkat T cells in the presence of 5 μg/ml P-olybrene (SigmaAldrich) or snap-frozen in liquid nitrogen and stored at −80°C for future use. Peripheral blood samples were obtained from healthy donors after receiving their signed informed consent according to institutional guidelines. T cells were purified with the Human T-cell enrichment kit (STEMCELL Technologies, Vancouver, Canada) followed by Ficoll gradient centrifugation. Cells were incubated with human T-activator CD3-CD28 beads (Life Technologies-Thermo Scientific, Waltham, MA) at a beads-tocell ratio of 1:5 in the presence of 50 U/ml IL-2 for 16 h prior to transduction. Cells were then harvested and resuspended in 800 µl RPMI (Sigma Aldrich). Then, 10% FBS was added with 200 µl concentrated lentiviral supernatant, 5 µg/ml polybrene and 50 U/ml IL-2. Cells were analysed 72 h post transduction.
Antibodies and reagents
IgG from OKT3 (anti-CD3ε) hybridoma supernatants were purified using Mabtrap (GE Healthcare, Milan, Italy) and titrated by flow cytometry. AntiTfR monoclonal antibody (mAb; hybridoma OKT9) was generously provided by Andres Alcover (Pasteur Institute, Paris, France). All commercial antibodies used, with the respective source, catalogue number and dilution, are listed in Table S1 . Staphylococcal enterotoxin E (SEE), Staphylococcal Enterotoxin B (SEB) and Staphylococcal Enterotoxin A (SEA) were from Toxin Technology (Sarasota, FL). Cell Tracker Blue was from Molecular Probes (Invitrogen); poly-L-lysine and protein-ASepharose was from GE Healthcare; Strep-Tactin-Sepharose beads were from IBA BioTAGnology.
Strep-Tactin-Sepharose pulldown assay
5×10
7 cells/sample of non-transduced Jurkat T cells (control) or of the JIFT20-Streptag transfectant were lysed in ice-cold lysis buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% dodecyl-b-D-maltoside (Calbiochem-Merk Millipore) in presence of protease inhibitor mix (Calbiochem-Merk, Millipore) and Na 3 VO 4 (Sigma Aldrich). Lysates were cleared by centrifugation at 14,000 g for 10 min 4°C. IFT20-OST pulldowns were carried out on cleared lysates for 30 min at 4°C with 125 µg Strep-Tactin-Sepharose (IBA BioTAGnology). After pulldown, beads were washed three times with lysis buffer, and bound proteins were eluted with 1× loading sample buffer (2.3% SDS, 00625 M Tris-HCl pH 6.8, 5% β-mercaptoethanol, 10% glycerol and 1% Bromophenol Blue) for western blotting analysis or with 25 mM biotin (Sigma Aldrich), 20 mM Tris-HCl pH 8.0 for 1 h at 4°C for MS analysis.
MS-based analysis
Samples were processed according to the filter-aided sample preparation (FASP) protocol (Wisniewski et al., 2009 ) using a 10 kDa molecular-mass cut-off Microcon filtration devices (Millipore cat. no MRCF0R030, Merck Millipore) . Overnight digestion at room temperature was carried out using 300 μl of 12.5 ng/µl trypsin for each sample (Proteomics grade, SigmaAldrich) in 25 mM ammonium bicarbonate buffer. Peptide-rich eluates obtained from FASP digests were acidified to have 1% trifluoroacetic acid (TFA) (Reagent grade Sigma) and then desalted using a homemade C18 stage tip. Desalted peptides were eluted into autosampler vials using 70% acetonitrile, 0.1% formic acid and then lyophilized in a SpeedVac Concentrator 5301 (Eppendorf, Hamburg-Germany). Lyophilized peptides were re-suspended in 0.1% TFA and analysed by nanoLC-MS/MS using a QExactive (ThermoElectron, Hemel Hempstead, UK) mass spectrometer coupled to Dionex Ultimate 3000 RSLC nano HPLC system (ThermoeElectron).
MS data analysis
Data were converted to .mgf file format using MSconvert (Proteowizard) and uploaded into the Central Proteomics Facility Pipeline (CPFP) for analysis (Trudgian et al., 2010) . Enzyme was set to trypsin allowing for up to two missed cleavages. Carbamidomethyl cysteine was set as a fixed modification and oxidation (methionine), deamidation (NQ), acetylation (Protein-N) and phosphotyrosine as variable modifications. Mass tolerances for MS and MS/MS peak identifications were 20 ppm and 0.1 Da, respectively. InterProphet probability (IP Prob) is derived by the combination of results from multiple search engines within CPFP, and improves coverage and confidence over use of a single search engine. Labelfree quantification was performed using MaxQuant software (Cox and Mann, 2008) . The number of false-positive identifications was estimated from the percentage of decoy hits in the total protein list (false discovery rate, FDR). Proteins were filtered via the Contaminant Repository for Affinity Purification (CRAPOME) (Mellacheruvu et al., 2013) . Only proteins detected in none of three replicates in the negative control and that were had a >2-fold abundance over the control sample were considered as true interactors.
Cell conjugate assay
For the IS experiments, Raji cells (used as APCs) were pulsed for 2 h with 10 μg/ml of the superantigens (sAg) SEE, SEB or SEA and labelled with 10 μM Cell Tracker Blue for the last 20 min. SEE was used for Jurkat T cells, which express a cognate TCR Vβ, whereas a combination of SEB, SEA and SEE was used for normal T cells, as these superantigens collectively cover a wider proportion of the Vβ repertoire compared to SEE. After sAg pulsing, APCs were washed, mixed with Jurkat cells (1:1) for 15 min and plated onto poly-L-lysine-coated wells of diagnostic microscope slides (Erie Microscope Slide-Thermo Scientific). Cells were allowed to adhere for 15 min and then fixed and permeabilized by immersion in methanol for 10 min at -20°C or by incubation in 4% paraformaldehyde in PBS for 20 min at room temperature and then permeabilized with 0.01% Triton X-100 in PBS. To study polarization at the T-cell-APC contact of TCR-positive endosomes or MTOC (γ-tubulin), or recruitment of tyrosine phosphoproteins ( pTyr) or pZap70, fixed and permeabilized conjugates were stained with specific antibodies for 1 h at room temperature or overnight at 4°C. Cells were then rinsed and incubated with Alexa-Fluor-488-labelled secondary antibodies for 30 min at room temperature. Slides were washed in PBS and mounted in 90% glycerol and 10% PBS. Confocal microscopy was performed by using a Zeiss LSM700 (Carl Zeiss, Jena, Germany) microscope with a 63× objective. The z-series of optical sections were performed at 0.5-mm increments. Images were acquired with pinholes opened to obtain 0.8-mm-thick sections. Detectors were set to detect an optimal signal below the saturation limits.
Flow cytometric analysis of receptor internalization and T cell activation
Cells were incubated on ice with anti-CD3 or anti-TfR monoclonal to allow binding, washed to remove excess mAb (time 0) and shifted to 37°C for the indicated times (20, 60, 90, 120 min for CD3; 5, 10, 20, 30 min for TfR) (Finetti et al., 2014) . The relative levels of receptor were measured by labelling with fluorochrome-labelled secondary antibody both at time 0 (100%) and at each time point after the 37°C shift. Samples were analysed by flow cytometry. For in vitro T cell activation assays, Jurkat cells were incubated for 16 h with plate-bound anti-CD3 and anti-CD28 monoclonal antibodies for 16 h, surface stained with FITC-conjugated anti-CD69 monoclonal antibody for 1 h on ice and analysed by flow cytometry. Data were collected on a GUAVA Easy-Cyte 6-2 L flow cytometer (Merk Millipore) and analysed using FlowJo 6.0 software.
Confocal microscopy analysis of polarized receptor recycling to the IS To measure recycling to the IS of TCR or TfR internalized at the cell surface, cells were equilibrated for 30 min at 37°C in RPMI with 1% bovine serum albumin (BSA), then incubated with saturating concentrations of receptorspecific mAb for 2 h at 37°C. Residual surface-bound mAb was removed using an acid-stripping solution (30 s at room temperature in 100 mM glycine and 100 mM NaCl, pH 2.5). Cells were then mixed with Raji cells pulsed with SEE, SEB or SEA to form conjugates, incubated for 15 min at 37°C and plated onto poly-L-lysine-coated wells. Cells were fixed with 4% paraformaldehyde in PBS for 20 min and analysed under non-permeabilizing conditions. Alternatively, cells were fixed and permeabilized by immersion in methanol for 10 min at −20°C. Conjugates were stained with Alexa-Fluor-488-labelled secondary antibodies for 30 min to visualize internalized receptor-antibody complexes that had recycled to IS (non-permeabilized) or were still associated with recycling endosomes ( permeabilized). Slides were washed in PBS and mounted in 90% glycerol with 10% PBS. Confocal microscopy was carried out as described above.
Image analysis
Images were analysed with ImageJ software (https://imagej.nih.gov/ij/). Briefly, the fluorescence intensity at the IS of CD3, pTyr, pZap70 or recycling CD3-TfR (the latter two analysed under non-permeabilizing conditions) was divided by the mean of the average intensities measured in three regions of the same size at the plasma membrane outside of the IS (ISto-membrane ratio). Alternatively, the fluorescence intensity of the recycling CD3-or TfR-positive compartment accumulated at the IS in permeabilized conjugates was divided by the CD3 or TfR fluorescence in the overall cell (IS area per cell).
Cell activation, immunoprecipitation and immunoblotting
Activation was performed by incubating Jurkat T cells (2×10 6 ) for the indicated times with anti-CD3 (1 μg/ml) and anti-CD28 (1 μg/ml) mAbs in RPMI. Cells were pelleted, washed twice in ice-cold PBS and lysed in 1% Triton X-100 in 20 mM Tris-HCl ( pH 8) and 150 mM NaCl in the presence of protease inhibitors (Calbiochem-Merk Millipore) and 1 mM Na 3 VO 4 (Sigma Aldrich) . Lysates were cleared by centrifugation at 14,000 g for 10 min. For immunoprecipitation experiments, protein complexes were immunoprecipitated for 2 h using anti-IFT54 mAb and protein-A-Sepharose (3 mg/sample), after a preclearing step on protein-ASepharose (1 h, 3 mg/sample). Proteins were resolved by SDS-PAGE and transferred onto nitrocellulose membranes (0.45 µm Whatman, Protran, GE). Membranes were probed with the indicated antibodies followed by horseradish peroxidase (HRP)-conjugated secondary antibody. Labelled antibodies were detected using the enhanced chemiluminescence (ECL) kit (SuperSignal ® WestPico Chemiluminiscent Substrate, Thermo Scientific). Membranes were reprobed with loading control antibody after stripping (Re-Blot Plus Western Blot Mild Antibody Stripping Solution, Merk Millipore). Blots were scanned using a laser densitometer (Duoscan T2500; Agfa, Milan, Italy) and quantified using ImageJ.
Statistical analysis
Mean values, standard deviation and P-values (unpaired non-parametric t-test) were determined using GraphPad Prism software (GraphPad Prism software, Inc., La Jolla, CA). The threshold for statistical significance was set to P≤0.05.
